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Treatment of rats with ethanol or rabbits with either imidazole or pyrazole, agents known to induce the 
ethanol-inducible form of liver microsomal cytochrome P-450 (P-450 LMeb), caused, compared to controls, 
3-25-fold enhanced rates of CC&-dependent lipid peroxidation or chloroform production in isolated liver 
microsomes. No significant differences were seen when the rate of Ccl,-dependent lipid peroxidation was 
expressed relative to the amount of P-450 LMeb in the various types of microsomal preparations. In recon- 
stituted membranous ystems, this type of P-450 was a lOO-fold more effective catalyst of Ccl, metabolism 
than either of the cytochromes P-450 LM, or P-450 LM,. It is proposed that the induction of this isozyme 
provides the explanation on a molecular level for the synergism seen of ethanol on C&-dependent hepato- 
toxicity. 
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1. INTRODUCTION 
Ethanol, when administrated acutely or chroni- 
cally, is known to increase the hepatotoxicity of 
carbon tetrachloride [l-7]. The potentiation is 
observed 16 h after the administration of the 
alcohol [8]. It has been proposed that the underly- 
ing mechanism involves the induction or activation 
of liver enzymes that accelerates the biotransfor- 
mation of the solvent to highly toxic intermediates 
[5,6]. Also, administration of pyrazole, acetone or 
other aliphatic alcohols than ethanol, causes a 
1%30-fold potentiation of the CCL-dependent 
hepatotoxicity [3,9,10]. 
Experiments performed in microsomes and in 
reconstituted cytochrome P450-containing sys- 
tems indicate that the enzyme responsible for the 
metabolic activation of CC4 is cytochrome P-450 
rather than NADPH-cytochrome P-450 reductase 
[ 11,121. We have previously reported the purifica- 
tion of an ethanol-inducible form of cytochrome 
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P-450 from benzene- or imidazole-treated rabbits 
(cytochrome P-450 LMeb) which, based upon the 
amino acid composition, NHz-terminal amino acid 
sequence, molecular mass and spectral properties 
[ 13,141, apparently is identical to cytochrome 
P-450 3a, purified in Professor M.J. Coon’s 
laboratory [15]. This form of cytochrome P-450 is 
inducible by, besides ethanol, compounds like 
pyrazole [14] and acetone ([16], unpublished), i.e., 
by the same substances that also potentiate the 
toxicity of CC4. Accordingly, it was hypothesized 
that cytochrome P-450 LMeb would be an effec- 
tive catalyst for the transformation of CC4 to 
toxic intermediates and might constitute the ex- 
planation on a molecular level for the synergistic 
effect of alcohols on the hepatotoxicity of CC4. 
2. EXPERIMENTAL 
2.1. Materials 
NADPH, pyrazole and thiobarbituric acid 
(TBA) were purchased from Sigma. Carbon 
tetrachloride, imidazole and chloroform were 
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from Merck. Cytochrome P-450 LM2 (12-14 
nmol/mg), cytochrome P-450 LMeb (17.5 nmol/ 
mg), cytochrome P-450 LM4 (14.5 nmol/mg) and 
NADPH-cytochrome P-450 reductase (22 nmol 
flavin/mg) were purified as described [17]. Micro- 
somal phospholipids were extracted from liver 
microsomes of phenobarbital-treated rabbits ac- 
cording to the method of Bligh and Dyer (181. 
2.2. Methods 
Rabbits, obtained from a local farm, were 
treated with either imidazole (200 mg/kg) or 
pyrazole (200 mg/kg) by daily intraperitoneal in- 
jections for 3 consecutive days. Sprague-Dawley 
male rats (150 g) were fed liquid diets according to 
DeCarli and Lieber [19] for 20 days. The alcohol 
diet, which provides 36% of the calories from 
ethanol, and the control diet, were obtained from 
Bioserv Inc. (Frenchtown, NJ). The livers of the 
animals were homogenized with 2 vols of 1.14% 
(w/v) KC1 containing 10 mM EDTA. The micro- 
somes were isolated by centrifugation of the 
homogenate at 9000 x g for 40 min and a subse- 
quent centrifugation at 100000 x g for 60 min of 
the 9000 x g supernatant. The microsomal pellets 
were washed once in the same medium and subse- 
quently suspended in 50 mM potassium phosphate 
buffer, pH 7.4. The amount of cytochrome P-450 
LMeb in the microsomal samples was determined 
using radial immunodiffusion as in [14]. Mem- 
branous vesicles were prepared by the cholate gel 
filtration technique [20] from microsomal phos- 
pholipids, NADPH-cytochrome P-450 reductase 
and one of the cytochromes P-450 LM2, P-450 
LM4 or P-450 LMeb at a molar ratio of 1300: 
0.3: 1, respectively. The Sephadex G-50 column 
was equilibrated in Chelex-lOO-treated 50 mM 
potassium phosphate buffer, pH 7.4, containing 
50 mM KCl, and eluted in the same buffer. 
Incubations with carbon tetrachloride were car- 
ried out with phospholipid vesicles corresponding 
to 0.1 nmol P-450 or with liver microsomes cor- 
responding to 0.5-l mg protein in a total volume 
of 1 ml 50 mM potassium phosphate buffer, pH 
7.4, containing 2.15 mM carbon tetrachloride 
(added in 5-10 pl acetone) and 0.25 mM NADPH. 
Control incubations were performed in the absence 
of NADPH or CCL. 
Products from lipid peroxidation were detected 
using the TBA assay [21]. The incubations were 
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terminated by the addition of 0.25 ml of 40% 
(w/v) trichloroacetic acid and 0.125 ml of 5 M 
HCl. Subsequently, 0.25 ml of 2% (w/v) TBA was 
added. The samples were heated in boiling water 
for 10 min, centrifuged and the amount of TBA 
reactive material was quantitated spectrophoto- 
metrically in the supernatant at 532 nm using 156 
mM_’ *cm-’ as absorption coefficient. 
Chloroform was determined using the head 
space technique. The incubations were performed 
under anaerobic conditions in 5-ml tubes equipped 
with rubber membrane caps. The incubation mix- 
tures were flushed with nitrogen for 45 min on ice 
prior to the addition of carbon tetrachloride 
dissolved in 5 ~1 acetone. After a 5 min pre- 
incubation period at 37°C the incubations were 
started by the addition of NADPH. One ml ali- 
quots of the head space volume were analyzed on 
a GLC (at 1OO’C) equipped with a Carbopack C 
0.1% SP-1000 column and a flame ionization 
detector (120°C). Residual carbon tetrachloride 
was used as internal standard for quantitation of 
the chloroform formed, since the total conversion 
was usually less than 0.05%. 
3. RESULTS 
The rate of carbon tetrachloride-dependent lipid 
peroxidation was determined in liver microsomes 
isolated from variously treated rabbits and rats 
(table 1). Both imidazole and pyrazole were potent 
inducers of the microsomal CCL-induced lipid 
peroxidation; 4-5-fold higher rates were reached 
here, compared to controls, when the conversion 
was expressed per nmol P-450. However, when ex- 
pressed per nmol cytochrome P-450 LMeb in the 
microsomal membranes, no significant differences 
were seen (table 1). Ethanol treatment of rats 
caused a 25-fold induction of the microsomal 
CC4- dependent lipid peroxidation, compared to 
controls, when expressed per mg microsomal pro- 
tein (table 1). The reaction in liver microsomes of 
ethanol-treated rats was linear only for 2 min, 
whereas the linear phase using rabbit liver 
microsomes was 15 min (not shown). 
To evaluate further to what extent the effect of 
the inducers on the CC4-induced lipid peroxida- 
tion in rabbit liver microsomes was attributed to 
the induction of the ethanol-inducible P-450 form, 
various forms of purified microsomal cytochromes 
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Table 1 
Carbon tetrachloride-dependent lipid peroxidation in liver microsomes 
Type of TBA-reactive products 
microsomes 
nmol/mg nmol/nmol nmol/nmol 
protein per min P-450 per min LMeb per min 
Rat 
Control 0.077 t- 0.012 (5) 0.15 f 0.21 (5) 
Ethanol 1.98 + 0.30 (5)a 1.71 + 0.17 (5)a 
Rabbit 
Control 0.16 + 0.04 (4) 0.12 + 0.01 (4) 1.07 f 0.34 (4) 
Pyrazole 0.42 + 0.18 (6)’ 0.44 f 0.21 (6)’ 1.16 + 0.30 (6) 
Imidazole 0.77 + 0.21 (fq 0.44 f 0.14 (qb 1.47 f 0.47 (4) 
a p < 0.001; b p < 0.005; ’ p < 0.05, compared to control 
The incubations were carried out as detailed in section 2 with microsomes corresponding to 0.5 mg 
protein. Rat liver microsomes were incubated with 2.15 mM CC4 for either 2 min, when 
microsomes from ethanol-treated animals were used, or for 10 min, in the case of control 
microsomes. Incubations with rabbit liver microsomes were carried out for 10 min with 8.6 mM 
substrate. The number of animals is indicated within parentheses 
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Fig. 1. (A) CCld-dependent lipid peroxidation in reconstituted membrane vesicles. Liposomes corresponding to 0.1 nmol 
cytochrome P-450, containing NADPH-cytochrome P-450 reductase and the hemoprotein in a molar ratio of 0.3 : 1, 
were incubated in the presence of 1OpM EDTA with 2.15 mM CC4 at 12°C for the indicated time intervals. Other 
conditions as described in section 2. The apparent rates of product formation were for P-450 LMeb, 2.6; P-450 LMz, 
0.12; P-450 LM4, 0.10 nmol TBA reactive products/nmol cytochrome P-450 and per min. (B) Cytochrome 
P-450-dependent conversion of carbon tetrachloride to chloroform in reconstituted membrane vesicles. Membrane 
vesicles corresponding to 0.15-0.6 nmol cytochrome P-450 were incubated for the indicated time intervals at 37°C. 
Other conditions as described in section 2. The apparent turnover numbers were for P-450 LMeb, 16.7; P-450 LM2, 
0.18; P-450 LM4, 0.09 nmol/nmol P-450 per min. 
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P-450 were incorporated into vesicles of micro- 
somal phospholipids and the rate of lipid peroxida- 
tion was determined. The cytochrome P-450- 
dependent, but CCL-independent lipid peroxida- 
tion mechanism, was suppressed by the presence of 
EDTA during these incubations (cf. [22]). As 
shown in fig.lA, the ethanol-inducible P-450 
isozyme was at least a 25fold more potent catalyst 
than the other types of cytochrome P-450 in the 
transformation of carbon tetrachloride to products 
being able to initiate lipid peroxidation in the 
reconstituted vesicles. At maximum, 4.4 nmol 
TBA-reactive products were produced/nmol P-450 
LMeb per min under the conditions used. 
Under anaerobic conditions, chloroform is a 
product of the cytochrome P-450-dependent 
reductive metabolism of carbon tetrachloride 
[23-251. As shown in table 2, the rate of chloro- 
form production was about 4-fold higher in liver 
microsomes isolated from ethanol-treated rats or 
imidazole-treated rabbits, compared to controls. 
Also, the rate of chloroform production was 
severely elevated in the reconstituted rabbit liver 
microsomal system containing the ethanol-indu- 
cible cytochrome P-450 form compared to mem- 
branous systems containing either of the cyto- 
chromes P-450 LM2 or P-450 LM4 (fig.lB). 
Cytochrome P-450 LMeb reduced CCL at a rate 
Table 2 
Chloroform production in anaerobic incubation systems 
containing liver microsomes and carbon tetrachloride 
Type of Chloroform produced 
microsomes 
nmol/mg nmol/nmol 
protein per min P-450 per min 
Rat 
Control 0.24 + 0.07 (4) 0.48 + 0.10 (4) 
Ethanol 1.45 + 0.21 (4)= 1.17 + 0.10 (4)a 
Rabbit 
Control 0.42 k 0.09 (6) 0.35 + 0.11 (6) 
Imidazole 1.40 f 0.39 (6)a 0.77 + 0.22 (6)b 
a p < 0.001; b p < 0.002, compared to control 
The incubations were carried out as described in table 1 
and in section 2 with liver microsomes corresponding to 
0.5 mg (rat) or 1.0 mg (rabbit) protein. The number of 
animals used is indicated within parentheses 
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lOO-200-fold higher compared to the other en- 
zymes; at maximum, 17 nmol CHC13 was pro- 
duced/nmol P-450 per min. It should be pointed 
out that by increasing the level of NADPH-cyto- 
chrome P-450 reductase in the membranes, thereby 
approaching the concentration of cytochrome 
P-450 LMeb, a turnover for CC4 of approx. 60 
would be reached. 
4. DISCUSSION 
Our results indicate that the synergism seen on 
carbon tetrachloride hepatotoxicity by treatment 
of animals with ethanol prior to the administration 
of the halogenated solvent is attributed to the in- 
duction of the ethanol-inducible form(s) of cyto- 
chrome P-450 effective in the metabolism of CC4 
to products acting as initiators of lipid peroxida- 
tion in membranous ystems. The similar values of 
the rate of CCL-dependent lipid peroxidation in 
the various types of rabbit liver microsomes, when 
expressed relative to the amount of cytochrome 
P-450 LMeb in these membranes, indicate that this 
form of cytochrome P-450 to a major extent is 
responsible for the metabolic activation of the sol- 
vent. Previously, it has been proposed that CC4 
preferentially interacts with phenobarbital induci- 
ble cytochrome P-450 [26]. Cytochrome P-450 
LM2 was reported to reduce the solvent at a rate of 
1 nmol/nmol per min [ 111, a value which is com- 
parable to our result, 0.6 nmol/nmol per min in a 
system optimized with respect o the concentration 
of NADPH-cytochrome P-450 reductase. How- 
ever, in the reconstituted membranous system, 
cytochrome P-450 LMeb was at least a lOO-fold 
more effective catalyst in the reduction of CC4, as 
based upon the determination of the rate of 
chloroform production, and a 25-50-fold more 
potent catalyst in the transformation of the com- 
pound to metabolites acting as initiators of lipid 
peroxidation, than either of the cytochromes P-450 
LM2 or P-450 LM. 
The nature of the toxic intermediate responsible 
for initiation of CC4-dependent lipid peroxidation 
appears not yet unambiguously determined. The 
most likely candidate, according to the literature, 
is the trichloromethyl radical [23,27]. This com- 
pound is formed by a one-electron reduction of 
carbon tetrachloride. We have previously pres- 
ented results indicating that cytochrome P-450 
Volume 183, number 2 FEBS LETTERS April 1985 
LMeb effectively reduces EDTA-chelated iron 
[ 17). Therefore, it seems plausible that P-450 
LMeb in a similar manner also reduces the halo- 
genated solvent. 
ACKNOWLEDGEMENTS 
This work was supported by grants from the 
Swedish Council for Planning and Coordination 
of Research and from the Swedish Medical Re- 
search Council. 
REFERENCES 
111 
[21 
[31 
[41 
I51 
bl 
[71 
PI 
I91 
[W 
Kutob, S.D. and Plaa, G.L. (1962) J. Pharmacol. 
Exp. Ther. 135, 245-251. 
Cornish, H.H. and Adefuin, J. (1966) Am. Ind. 
Hyg. Assoc. J. 25, 57-61. 
Cornish, H.H. and Adefuin, J. (1967) Arch. 
Environ. Health 14, 447-449. 
Traiger, C.J. and Plaa, G.L. (1971) Toxicol. Appl. 
Pharmacol. 20, 105-l 12. 
Hasumura, Y., Teschke, R. and Lieber, C.S. (1974) 
Gastroenterology 66, 415-422. 
Maling, H.M., Stripp, B., Sipes, I.G., Highman, 
B., Saul, W. and Williams, M.A. (1975) Toxicol. 
Appl. Pharmacol. 33, 291-308. 
Strubelt, O., Obermeier, F., Seiger, C.-P. and 
Volper, M. (1978) Toxicology 10, 261-270. 
Sato, A., Nakajima, T. and Koyama, Y. (1981) 
Toxicol. Appl. Pharmacol. 60, 8-15. 
Traiger, G.J. and Plaa, G.L. (1972) J. Pharmacol. 
Exp. Ther. 183, 481-488. 
Ueng, T.-H., Moore, L., Elves, R.G. and Alvares, 
A.P. (1983) Toxicol. Appl. Pharmacol. 71, 
204-214. 
u21 
1131 
iI41 
1151 
[I61 
1171 
[la 
1191 
[201 
WI 
WI 
1231 
v41 
1251 
Ml 
1271 
Wolf, C.R., Harrelson, W.G. jr, Nastainczyk, 
W.M., Philpot, R.M., Kalyanaraman, B. and 
Mason, R.P. (1980) Mol. Pharmacol. 18, 553-558. 
Sipes, I.G., Krishna, G. and Gillette, J.R. (1977) 
Life Sci. 20, 1541-1548. 
Ingelman-Sundberg, M. and Hagbjark, A.-L. 
(1982) Xenobiotica 12, 673-686. 
Ingelman-Sundberg, M. and JBrnvall, H. (1984) 
Biochem. Biophys. Res. Commun. 124, 375-382. 
Koop, D.R., Morgan, E.T., Tarr, G.E. and Coon, 
M.J. (1982) J. Biol. Chem. 257, 8472-8480. 
Koop, D.R. (1984) Presentation at 6th 
International Symposium on Drug Microsomes and 
Drug Oxidations, Brighton, England, August, 
1984. 
Ingelman-Sundberg, M. and Johansson, I. (1984) 
J. Biol. Chem. 259, 6447-6458. 
Bligh, E.G. and Dyer, W.J. (1959) Can. J. 
Biochem. Physiol. 37, 911-917. 
DeCarli, L.M. and Lieber, C.S. (1967) J. Nutr. 91, 
331-336. 
Ingelman-Sundberg, M. and Glaumann, H. (1980) 
Biochim. Biophys. Acta 599, 417-435. 
Bernheim, F., Bernheim, M.L. and Wilber, K.M. 
(1948) J. Biol. Chem. 174, 257-264. 
Ekstriim, G. and Ingelman-Sundberg, M. (1984) 
Biochem. Pharmacol. 33, 2521-2523. 
Butler, T.C. (1961) J. Pharmacol. Exp. Ther. 134, 
311-319. 
Uehleke, H., Hellmer, K.H. and Tabarelli, S. 
(1973) Xenobiotica 3, l-11. 
Glende, E.A. jr, Hruszkewycz, A.M. and 
Recknagel, R.O. (1976) Biochem. Pharmacol. 25, 
2163-2170. 
Noguchi, T., Fong, K.-L., Lai, E.K., Alexander, 
S.S., King, M.M., Olson, L., Poyer, J.L. and 
McCay, P.B. (1982) Biochem. Pharmacol. 31, 
615-624. 
McCay, P.B., Lai, E.K., Poyer, J.L., DuBose, 
C.M. and Janzen, E.G. (1984) J. Biol. Chem. 259, 
2135-2143. 
269 
